in mice and in humans, which suggests that this epitope may play an immunodominant and perhaps a pathogenic role in human disease as well. Indeed, a diagnostic characteristic of human type 1 diabetes is the pronounced humoral response to proinsulin and whole insulin proteins, which is evident by elevated serum levels of anti-insulin antibodies (IAAs) observed in predisease (i.e., high-risk individuals) and patients with recentonset type 1 diabetes (1, 10) . However, there is no compelling evidence for a pathogenic role of autoantibodies in either human or murine type 1 diabetes (11) . Rather, the disease is predominantly mediated by autoreactive cellular responses to βCAs (2) . Unexpectedly, however, the T-cell proliferative responses to proinsulin or to the whole insulin protein do not appear elevated in prediabetic patients or in those with recent-onset type 1 diabetes compared with normal control subjects (12) (13) (14) (15) (16) (17) (18) .
Although this observation appears inconsistent with the predominant anti-insulin cellular responses found in the NOD disease, it is the insulin B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) -specific response that is characteristic of the murine disease (4-6), and not necessarily the response to whole insulin protein. Therefore, we addressed whether a more restricted-epitope response to insulin is also characteristic of human type 1 diabetes by determining whether elevated insulin B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) -specific cellular responses exist in prediabetic and recent-onset type 1 diabetic patients.
Methods
Subjects. Written and informed consent was obtained from 12 patients with recent-onset type 1 diabetes (P1-P12), five prediabetic first-degree relatives of type 1 diabetics who were at high risk for diabetes (H1-H5), 26 nondiabetic normal control subjects (C1-C26), and two type 2 diabetic control subjects (C27 and C28) who have received insulin therapy for 5 and 20 years, respectively, before enrollment in this study (Tables 1 and 2 ). Patients were considered to have a recent-onset status within 3 months (i.e., 130 days) of diagnosis. Criteria for patient diagnosis for type 1 diabetes were diabetic ketosis and ketoacidosis, polyuria, polydypsia, and weight loss, followed by assessment of serum autoantibody levels and human leukocyte antigen (HLA) typing.
Serum levels of anti-GAD65 and anti-IA-2 antibody were measured by a liquid-phase competitive RIA as described previously (19, 20) and IAA levels were measured by a protein A microassay (21) . Positive and negative control sera were included that were used to calculate an index for antibody levels as described by the following equation: (unknown sample value -negative control value)/(positive control value -negative control value). The upper normal limits for each autoantibody serum level were established as three times the 100th percentile in 241 healthy controls, using the Receiver Operator Curve analysis, which were greater than 0.071 (IA-2), greater than 0.032 (GAD65), and greater than 0.01 (insulin) (22) . Measurement of serum levels of autoantibodies from the 12 type 1 diabetic patients showed that ten patients were positive for anti-GAD65 antibody, five were positive for anti-IA-2 antibody, and only two were positive for anti-insulin antibody (Table 3) . Interestingly, Patient P8 was the only patient who demonstrated a dramatic endogenous anti-insulin antibody response, which was accompanied by substantial anti-GAD65 and anti-IA-2 antibody responses. Criteria for assessing prediabetics at high-risk of diabetes were the following: (a) first-degree relative, (b) expression of disease-associated HLA-haplotypes (i.e., HLA-DR3/4, -DQ2/8; Table 1) , and (c) positive for serum autoantibodies (Table 3) . Autoantibody levels were secondary to first-degree relative status and HLA haplotype, as only three of four subjects tested were positive for autoantibodies.
HLA typing was done by PCR amplification with sequence-specific primers for DR and DQ alleles (23) at the University of California, Los Angeles, Tissue Typing Laboratory. The majority of type 1 diabetic patients expressed high-risk DQ and DR alleles [i.e., HLA-DQ8 (DQB1*0302; 33%), -DQ2 (DQB1*0201; 58%), -DR3 (DRB1*0301; 58%) and -DR4 (DRB1*0401 to 0405; 42%)] (Table 1) , which were also represented in 12 of the first 14 nondiabetic control subjects [i.e., HLA-DQ8 (DQB1*0302; 64%), -DQ2 (DQB1*0201; 21%), -DR3 (DRB1*0301; 21%) and -DR4 (DRB1*0401 to 0405; 79%)] (Table 2 ). In fact, the high-risk DR4/DQ8 or DR3/DQ2 combinations were present in ten of the 12 patients and in 14 of the 26 nondiabetic normal control subjects. The average age of the type 1 diabetic patient group was 11 ± 3 years (range: 8-15 years), which was represented in three nondiabetic, first-degree relative normal control subjects (C11-C13; 11 ± 1 years) and in four of five high-risk first-degree relative controls (i.e., 12 ± 0.3 years). Control-patient sibling matches included C11 with P1, C12, C13, with P2 and H5 with P12, whereas control patient HLA-haplotype matches were C5 with P9, C11 with P2, and H5 with both P11 and P12. All recent-onset diabetic patients received human insulin therapy after diagnosis, which ranged from 2 to 127 days (mean = 64 days) before blood sampling. To control for the possibility that B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) -specific immune responses developed as a result of insulin therapy, responsiveness to B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) was studied in two patients (C27 and C28) that had type 2 diabetes (i.e., a non-autoimmune-mediated disease) who received insulin therapy because of their suppressed insulin production. In addition, five high-risk first-degree relatives of type 1 diabetics who had not received insulin therapy were also studied for responsiveness to B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . This study was approved by the Investigational Review Boards of the University of California, San Diego, and Children's Hospital and Health Center. Peptides, reagents, and tissue culture medium. The following peptides were synthesized by a solid-phase method as described elsewhere (24) : human insulin B-chain (9-23) amide (B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) ) [SHLVEALYLVCGERG] , sperm whale myoglobin 110-121 (SWM), and biotinylated herpes simplex virus peptide-2 (HSV-2) VP16 430-444 (EEVDMTPADALDDFD). Medium used for all cell cultures and assays was DMEM containing high glucose (Cellgro, Herndon, Virginia, USA) supplemented with 2 mM L-glutamine, 10 mM HEPES (Cellgro), nonessential amino acids (Sigma Chemical Co., St Louis, Missouri, USA), 1 mM sodium pyruvate, 50 µg/ml gentamicin, 126 µg/ml L-arginine, 20 µg/ml L-aspartic acid (Life Technologies Inc., Grand Island, New York, USA), 50 µM 2-Mercaptoethanol (Sigma Chemical Co.), 5 µg/ml penicillin and 100 U/ml streptomycin (Life Technologies Inc.), and 5% autologous human serum or plasma. Azide-free preparations of murine antihuman HLA-DQ (SPV-L3) and HLA-DR (LN3) mAb's (Neomarkers Inc., Fremont, California, USA) and isotype-matched control mAb's were used at an optimal concentration (20 µg/ml).
Generation of short-term insulin B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) -specific T-cell lines from peripheral blood. PBMCs from all subjects were isolated by centrifugation through Ficoll-Hypaque density gradients (Vacutainer CPT; Becton Dickinson Labware, Lincoln Park, New Jersey, USA), and lymphocytes were washed and either stimulated with B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) peptide to generate Tcell lines or stored frozen in aliquots for future evaluation of cytokine production using the ELISPOT assay. Insulin B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) -specific T-cell lines were generated by culturing 5 × A Serum levels of anti-GAD65 and anti-IA-2 antibody from type 1 diabetic patients (P#) and prediabetic individuals at high risk for diabetes who have not received insulin therapy (H#) were measured by a liquid-phase competitive RIA and anti-insulin levels were measured by a protein A microassay. Positive and negative control sera were included that were used to calculate an index for antibody levels as described by the following equation: (unknown sample valuenegative control value)/(positive control value -negative control value). The upper normal limit for each autoantibody was established as three times the 100th percentile in 241 healthy controls using the Receiver Operator Curve analysis. B Sera were considered positive for the respective antibodies at the following index values: >0.071 for IA-2, >0.032 for GAD65, and >0.01 for insulin.
T lymphocyte-proliferation assay. A total of 10 5 T lymphocytes from cell lines were cultured in 96-well roundbottom plates (Costar; Corning Inc., Corning, New York, USA) with 7 × 10 4 irradiated autologous PBMCs (optimal cell number) in the presence or absence of different concentrations of insulin B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) peptide or phytohemagglutinin (PHA-M; L8902; Sigma Chemical Co.). Cells were cultured at 37°C, 7.5% CO 2 atmosphere in a humidified incubator for 5 days, and each well was pulsed with 1 µCi tritiated thymidine ([ 3 H]TdR; sp. act. 25 Ci/mmol; Amersham Life Science, Arlington Heights, Illinois, USA) for the final 18-20 hours. Cells were harvested onto glass fiber-lined plates (Unifilter-96 GF/B; Packard Instrument Co., Meriden, Connecticut, USA) and the amount of radioactivity incorporated into de novo synthesized DNA was measured in a scintillation counter (Top Count NXT; Packard Instrument Co.).
ELISPOT assay. The number of cytokine-expressing cells in PBMCs from control subjects and type 1 diabetic patients was quantified by the ELISPOT assay as described elsewhere (25) . Briefly, 3 × 10 5 PBMCs obtained from frozen aliquots were seeded per well of 96-well plates coated with anti-human IFN-γ mAb (Endogen Inc., Cambridge, Massachusetts, USA) or other anti-cytokine mAb (PharMingen Inc., San Diego, California, USA) in the presence or absence of either B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) peptide, tetanus toxoid (Accurate Chemical & Scientific Corp., Westbury, New York, USA), or PHA (Sigma Chemical Co.). After 24 to 48 hours of incubation at 37°C, 5% CO 2 , cells were washed away and cytokines were detected with anti-human IFN-γ (Endogen Inc.) or anti-human IL-2, IL-4, IL-5, or IL-13 (PharMingen Inc.) secondary biotinylated-mAb plus avidin-peroxidase. AEC substrate solution (3-amino-9-ethyl carbazole; Pierce Chemical Co., Rockford, Illinois, USA) was used to develop the reaction, which was stopped by washing the plate with water. Spots derived from cytokine-producing cells were quantified using the Series-1 Immunospot and Satellite Analyzers (Autoimmun Diagnostika Inc., Strassberg, Germany).
Purified HLA-DQ binding assay. Peptide binding to HLA-DQA1*0301/DQB1*0302 (HLA-DQ8) was assessed using a competitive inhibition Europium fluorometric assay as described previously (26) . The 50% inhibitory concentrations (IC 50 ) were calculated from competitive inhibition displacement curves for each peptide and were used as estimates of the peptide-binding affinities to the HLA-DQ8 molecules.
Results
Insulin B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) -proliferative response of PBMCs from patients with recent-onset type 1 diabetes. The B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) epitope of insulin appears to be an immunodominant target antigen in NOD mice (4-7). We investigated whether this epitope also played a role in human type 1 diabetes by determining whether cellular responses to insulin B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) had developed in peripheral blood lymphocytes from type 1 dia-
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The betic patients. Short-term T-cell lines from 12 recentonset type 1 diabetic patients and from 13 nondiabetic HLA-or age-matched normal control subjects (C1-C13) and one high-risk first-degree relative (H5) were challenged with insulin B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) , and proliferation was assessed. These short-term cell lines were generated to increase the frequency of any B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) -specific T cells before proliferation assays because frequencies of antigen-specific T cells in freshly isolated PBMCs are usually low. Ten of 12 diabetic patients responded to B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) in a dose-dependent manner ( Figure 1 ) and to different degrees (Table 4 ; mean ± SEM of stimulation index [SI, as described in legend to Table 4 ] = 6.4 ± 1.2), whereas the response was absent in all nondiabetic control subjects (Table 4 ; mean ± SEM of SI = 1.1 ± 0.1). An SI greater than 2 was considered positive. Note that the comparison of control-patient siblingmatches (i.e., C11 and P1; C12, C13, and P2; and H5 and P12) and HLA-matches (C5 and P9; C11 and P1, P2; and H5 and P11, P12) underscores the striking association of this B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) -response specifically with the type 1 diabetes group. In some cases with control subject cultures, cell viability appeared to decrease dramatically after the first restimulation cycle, in which case assays were performed after the first stimulation cycle. Lack of responsiveness by control subjects or by the two patients (i.e., P8 and P10) was not attributed to cell death because these individuals responded to the T-cell mitogen, PHA (Table 4) . Additionally, B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) responsiveness was specific because these patients did not respond to unrelated control peptides (data not shown). These results demonstrate that the majority (83%) of diabetic patients, but not HLA-or age-matched control subjects, developed a proliferative response to the insulin B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) peptide. Insulin B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) peptide presentation by HLA class II molecules. Insulin B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) is an HLA class II-restricted immunodominant epitope for pathogenic CD4 + T cells isolated from the pancreata of young NOD mice (4-6). To confirm that the B (9-23) -response in type 1 diabetic patients is class II restricted, T lymphocytes from B (9-23) -reactive cell lines from patient P2, who is homozygous for HLA-DR4 (DRB1*0402/0405) and DQ8 (DQB1*0302) alleles, were challenged with B (9-23) in the presence or absence of antibodies to DR or DQ molecules, and proliferation was assessed (Figure 2 ). T lymphocytes from patient P2 were used because the B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) peptide has been shown to bind HLA-DQ8 (DQB1*0302) molecules (26) , a haplotype that is among the most strongly associated with, and predictive of, human disease (1, 27) . The HLA-DQB1*0302 allele also displays a nonaspartic acid (i.e., alanine) residue in its β chain at position 57, a residue that is also characteristic of the unique disease-associated I-A g7 MHC haplotype in the NOD mouse (28) . Only blockade of DQ molecules during B (9-23) presentation completely inhibited proliferation of the short-term cell line generated from this individual (Figure 2) , demonstrating that the disease-associated response to B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) is HLA class II restricted and, in this patient, is restricted to the HLA-DQ8, and not to the DR4, molecule. We also determined the affinity of binding of the B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) peptide to the DQ8 molecule in a competitive displacement binding assay, in which the B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) peptide was evaluated for its ability to compete with the standard high-affinity peptide, biotinyl-(HSV-2)-VP16, for binding to the HLA-DQ8 molecule. B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) efficiently competed for binding to HLA-DQ8 with a binding affinity (IC 50 value of 0.4 µM) very similar to the unlabeled (HSV-2)-VP16 peptide (IC 50 0.37 µM). A noncompetitive control peptide, SWM (110) (111) (112) (113) (114) (115) (116) (117) (118) (119) (120) (121) , had an IC 50 of greater than 100 µM.
Cytokine response by B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) -specific primary PBMCs. The strong B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) -specific proliferative response of T-cell lines from type 1 diabetic patients suggests that a substantial number of pathogenic (i.e., IFN-γ producing) B (9-23) -specific T cells exist in the circulation of these patients. We High-risk subject therefore estimated the frequency and assessed cytokine production of these B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) -specific cells in freshly isolated PBMCs using the ELISPOT assay. This technique has unique advantages over other cytokine detection assays in that it displays an extremely high degree of sensitivity and can be used to quantify the number of antigen-specific cytokine-producing cells in a heterogeneous T-cell receptor population (25) . PBMCs were obtained from diabetic patients and control subjects and presented with B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) or the positive control mitogen, PHA, on ELISPOT plates for assessment of cytokines. IL-2-, IL-4-, IL-5-, or IL-13-producing cells were not detected in either untreated or B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) -treated PBMC cultures from nondiabetic (including high-risk) control or diabetic subjects (data not shown); however, activation of cultures with PHA demonstrated the appearance of these cytokine-producing cells (data not shown). In contrast, treatment with a high dose (50 µM) of B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) induced substantial numbers of IFN-γ-producing cells in PBMC cultures from all but one diabetic patient tested (i.e., P8), whereas all of the nondiabetic control subjects studied were nonresponsive to B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) treatment (Table 5 ; the mean and SEM of the B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) -induced change [i.e., SI] in the number of IFN-γ-producing cells in control cultures C1-C26 was 1.11 ± 0.2). Samples from C12 and C13 were included in Table  5 as examples of nonresponders. Blood samples from diabetic patients P1, P3, P6, and P12 and control subjects C5, C9, and C11 were not available for cytokine analysis. Type 1 diabetic patients responded in a dose-dependent manner to B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) because a significant number of cytokinepositive cells were induced with a 10 µM B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) dose (see Figure 3 for an example of 10 and 50 µM B (9-23) -induced IFN-γ-specific spots). Lack of response in nondiabetic control samples (i.e., C#), and that of patient P8 and the high-risk subjects, H3 and H4, was not attributed to a general anergy of the cells because cells from these subjects, in addition to those of all diabetic patients (Table  5) , responded to treatment with PHA (the mean and SEM of the PHA-induced change in the number of IFN-γ-producing cells in nondiabetic control cultures C1 through C26 was 17 ± 8).
We addressed the possibility that insulin therapy could be responsible for the B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) -specific responses observed. Note that all type 1 diabetics received insulin therapy during a brief period before blood sampling (i.e., 2-127 days), in which P9 and P10 were sampled only 2 days after insulin therapy. This brief 2-day period is not likely to be sufficient for an immune response to develop against exogenous insulin. In addition, the two type 2 diabetics, C27 and C28, who had received insulin therapy for 5 and 20 years, respectively, did not respond to B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) at 50 µM (the mean and SE of B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) induced change in IFN-γ-producing cells was 0.65 ± 0.22 and 1.02 ± 0.11, respectively, and that for PHA was 179 ± 17 and 49 ± 1, respectively). However, the most compelling evidence that insulin therapy did not play a role in the development of B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) responses in diabetics was demonstrated by the reactivity to B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) by three of five prediabetic high-risk first-degree relatives who never received insulin therapy (Table 5) .
Interestingly, one (i.e., P10) of the two patients that did not display a proliferative response to B (9-23) (see Table 4 and Figure 1 ) showed a strong IFN-γ−production response to the antigen ( Table 5 ), suggesting that antigenspecific responses in cytokine production are not necessarily accompanied by proliferative responses. Accordingly, B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) -induced IFN-γ production by the high-risk first-degree relative, H5 (Table 5) , also was not accompanied by a proliferative response (see Table 4 and Figure 1) . Consistent with results of T-cell line proliferation, these results demonstrate that the B (9-23) -specific IFN-γ response is limited to type 1 diabetic patients and to high-risk prediabetic individuals. In addition, B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) -specific T cells were of the pathogenic phenotype, as was previously defined in the NOD mouse and, most importantly, can be detected directly in the circulation using the ELISPOT assay.
Discussion
Consistent with the nature of autoantigenic epitopes in the pancreas of NOD mice (4-7), we found substantial T-cell responses to the B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) immunodominant epitope of insulin in peripheral blood of 92% (11 of 12; i.e., proliferative and cytokine responses) of the recent-onset type 1 diabetic patients examined, but such responses were absent in age-or HLA-matched nondiabetic normal control subjects. These anti-insulin B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) T cell responses are not likely to be a result of immunoreactivity to insulin therapy because we did not detect T-cell responses to B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) in the type 2 diabetic control group Example of cytokine responses to insulin B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) by type 1 diabetic patients and control subjects. 3 × 10 5 freshly isolated PBMCs from two type 1 diabetic patients (P5 and P9) and two age-matched control subjects (C12 and C13) were seeded per well of a 96-well anti-IFN-γ mAb-coated ELISPOT assay plate in the presence or absence of insulin B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) and incubated at 37°C for 24 hours. Spots representing IFN-γ-producing cells (denoted by the number in parentheses) were developed using a biotinylated anti-IFN-γ secondary antibody and avidin-labeled peroxidase with AEC substrate and quantified using the Series-1 Immunospot Analyzer.
that received insulin therapy. In addition, these B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) Tcell responses were present in samples from patients P9 and P10 only 2 days after the start of insulin therapy (all other patient samples were obtained 2 to 10 weeks after insulin therapy). Most importantly, three of five prediabetic high-risk individuals who never received insulin therapy responded to B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) in the ELISPOT assay.
It has been previously reported that despite statistically significant differences between control subjects and recent-onset type 1 diabetic patients in cellular responsiveness to βCAs, such as GAD, most control subjects, in fact, respond to the autoantigens, albeit to a lesser degree than do patients with type 1 diabetes (12-16, 29) . Interestingly, these studies also demonstrated that the degree and frequency of responses to the whole-insulin or proinsulin proteins were comparable among controls, recentonset diabetic patients, and their relatives, arguing against the existence of pronounced cellular responses to insulin in type 1 diabetes. However, by analyzing responses to a single insulin epitope [i.e., B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) ] that appears to play a strong pathogenic role in the NOD mouse disease, we demonstrate here, for the first time to our knowledge, that control subjects were clearly unresponsive to the B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) , which is contrasted with an almost complete responsiveness by the type 1 diabetic patient group and with a responsiveness in over half of the high-risk first-degree relative subjects studied. In fact, the frequency of the cellular response to B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) in these groups was greater than that of the antibody response to any single pancreatic antigen. Our findings with the high-risk first-degree relative group are consistent with another study that shows reactivity to another insulin epitope, amino acid 24-36 of proinsulin, which is confined to first-degree relatives of type 1 diabetics (29) . Indeed, the presence of circulating B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) -responsive T cells in recent-onset diabetics was confirmed using the ELISPOT assay in which IFN-γ-producing B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) -responsive peripheral blood cells were detected after 12 days of in vitro culturing in the presence of antigen. These results demonstrate that there is not only a strong specific response to an insulin epitope in human type 1 diabetes, but that this response is confined to the prediabetic and new-onset diabetic groups and, therefore, may be characteristic of the human disease.
We used the ELISPOT assay to analyze the quality and quantity of the B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) response in freshly isolated PBMCs (25) , in contrast to enriching for B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) specificity in cell lines for proliferation assays. The high sensitivity of the ELISPOT assay for detection of cytokineproducing cells enabled the quantification of the low-frequency of B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) -reactive cells in freshly isolated PBMCs from type 1 diabetic patients, especially in cases in which B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) failed to generate T-cell lines (i.e., H5 and P10). Indeed, ELISPOT detection of a cytokine response to B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) by some of the subjects in the prediabetic first-degree relative group has implications for a novel diagnostic approach.
Similar to the association of some HLA alleles with type 1 diabetes (27) , humoral responses to βCAs, which are usually elevated in prediabetic and recent-onset type 1 diabetes individuals (1, 10) , are also predictive of disease. Although it might be expected that both cellular and humoral responses to a particular βCA would be elevated during diabetes, several groups have reported an inverse relationship between cellular and humoral responses to βCAs (15, 30) , including those to the whole-insulin protein (12) . Interestingly, patient P8, who did not show a cellular (i.e., proliferative or cytokine-production) response to B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (see Tables 4 and 5 ; Figure 1 ), was the only patient that demonstrated a dramatic endogenous anti-insulin antibody response in addition to showing substantial anti-GAD65 and anti-IA-2 antibody responses (see Table 3 ). Conversely, all other patients demonstrated strong cellular responses to B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) , with little or no humoral response to insulin. To date, the mechanism underlying this inverse relationship remains elusive; however, this dichotomy is consistent with the nature of normal immune responses to antigen, which tend to be skewed toward either cellularpromoting (IFN-γ-producing) or humoral-promoting (non-IFN-γ-producing) immune responses (31) .
Because type 1 diabetes is primarily mediated by destructive cellular immune responses to βCAs, the lack of a cellular B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) response by patient P8 suggests that responses to other βCAs or other epitopes of insulin play a dominant pathogenic role in this patient. Indeed, the MHC haplotype of patient P8, who lacks HLA-DQB1*0302 expression, may not be able to present the B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) peptide to autoreactive T cells. Alternatively, this unresponsiveness may be a result of reduced antigen [i.e., insulin B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) ] concentration in this patient that arose as Table 5 ELISPOT analysis of IFN-γ production response to insulin B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) a consequence of substantial islet β-cell damage, as has been observed in the NOD mouse (4, 6, 7) . Given the nature of this disease, direct evidence for the role of B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) responsive cells in the pathogenesis of diabetes can only be addressed using animal models. Using the NOD mouse model, Wegmann and his colleagues have convincingly demonstrated that B (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) -reactive CD4 + T helper cells are involved in the destruction of the β-islet cells (4-6). In addition, Wong et al. (7), using a fluorescent-labeled MHC class I tetrameric complex bound to the B (15) (16) (17) (18) (19) (20) (21) (22) (23) peptide, demonstrated that greater than 80% of CD8 + T cells infiltrating islets of 4-week-old NOD mice (well before any clinical evidence of disease) recognized the B (15) (16) (17) (18) (19) (20) (21) (22) (23) epitope. Moreover, disease is prevented when thymic deletion of anti-insulin T cells is induced in transgenic NOD mice with targeted expression of the proinsulin gene in antigen-presenting cells under the control of the MHC class II promoter (32) . These data and our human subject studies reported herein strongly suggest that this region of the B chain of insulin is a target of the immune system in this autoimmune disease. Thus, therapies that are directed at this autoantigenic response might be of benefit in controlling type 1 diabetes, which is supported by studies that show administration of the B chain or B (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) peptide of insulin induce a protective Th2 immune response in NOD mice (6, 33, 34) .
